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A Fast-Reading, High-Resolution 
Voltmeter that Calibrates Itself 
Automatically 

Although it has 1-fj.V resolution and integrating capability — 
useful for high-accuracy measurements on the lab bench — 
this new voltmeter makes 24 readings /second working 
on the HP interface bus— a boon for systems users. 
Real-time autocalibration and the ability to perform 
calculations on its own readings contribute to its versatility. 

by Albert Gookin 



EMERGING NOW IS A NEW generation of test 
instruments that use microprocessor-based logic 
for internal control. The microprocessor can give 
increased measurement capability while at the same 
time making the instrument easier to operate, and 
it can also make the instrument easier to calibrate 
and maintain. 

That is the story behind the new Model 3455A 
Digital Voltmeter (Fig. 1). An internal microprocessor 
gives this voltmeter the capability of processing its 
own readings, thus making it possible to display 
temperature, for example, when measuring the cor- 
responding voltage output of a thermocouple, or read 
the percentage deviation of a reading with respect to 
an earlier reading. Easier operation is also obtained, 
in this case ease of interfacing it to the HP interface 
bus + for systems use. 

Perhaps of greatest significance to most users is the 
new voltmeter's real-time autocalibration, which 
gives high accuracy and stability at reduced cost and 
with simplified calibration and maintenance. Only 
two calibration adjustments for dc volts and two for 
ohms are needed. Other calibration adjust- 
ments — in the range attenuators and amplifiers — are 
automatically and repetitively made while the volt- 
meter is in use. The four basic calibration adjustments 
are in a plug-in reference module (Fig. 2) that can be 
taken to the calibration lab without disturbing the 
voltmeter*s input connections. The modules are in- 
terchangeable, so the voltmeter can continue operat- 
ing with a spare reference module replacing the one 
removed for calibration. 

Basic Performance 

Model 3455A Voltmeter measures dc volts, ac volts, 
and ohms. Under programmed control, it can make 24 

tHP's implementation ol IEEE Standard 488-1975 



dc-voltage readings per second with 5% digit resolu- 
tion and with 60 dB of normal-mode and 160 dB of 
common-mode noise rejection (at 60 Hz),* It also has 
a slower-reading high-resolution mode that displays 
results with 6V2 digits (except on ac voltages and on 
the 0.1-dcV and lOOfi ranges). Basic accuracy for dc 
volts and ohms is 0.005% . 

■22 readings/second when operating on 50-Hz power. 
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Ac voltage readings are normally made at a rate of 
1.3/second but a FAST AC mode enables 13 readings 
per second (under programmed control) on signals 
having frequencies above 300 Hz. The true-rms con- 
verter has a frequency range of 30 Hz to 1 MHz. a crest 
factor of 7:1, and ac + dc capability. An optional 
lower-cost averaging ac converter has a frequency 
range of 30 Hz to 250 kHz. 

The input is fully floating and guarded. Full-scale 
measuring ranges are 0.1V to 1000V in the dc volts 
mode. IV to 1000V in the ac volts mode and 100H to 
10 Mfl in the ohms mode, with 50% overranging. 

Interface Compatible 

The voltmeter was designed to work with the inter- 
face bus specified by IEEE Standard 488-1975 so it has 
certain programming conveniences built in. For one. 
it is not necessary to refer to a special table of codes 




Fig. 2. The lour adjustments that calibrate Model 3455A lordc 
volts and ohms are in a plug-m module that can be taken to the 
calibration lab. Modules are interchangeable allowing an in- 
strument to continue operating with another calibrated module 
plugged in. 



Fig. 1. Model 3455A Digital Volt- 
meter measures dc volts, ac volts, 
and ohms under either manual or 
systems control Indicator lights in 
the pushbuttons show the ranges 
and functions selected manually 
or remotely through the HP Inter- 
face bus. 



when programming the instrument — the codes are 
found on the instrument's front panel. To program the 
voltmeter for a 2-wire resistance measurement, for 
example, the system controller sends the code F4. 
This code was determined by reference to the front 
panel (see Fig. 3). "F" is the first letter of the FUNCTION 
group of keys, and is underlined, and the pushbutton 
"2-WIRF.kfi" is the fourth key from the left in this group. 
For an on-off function, the code 1 represents on and 0 
is off — for example. Al or AO for AUTOCAl. on or off. 

The instrument can also be programmed by setting 
the controls manually and then causing the system 
controller to transmit the instrument's "listen" ad- 
dress on the interface bus followed by the code letter 
B. This puts the instrument in the BINARY PROGRAM 
mode. The controller then sends the voltmeter's 
"talk" address, which causes it to output the control 
settings on the bus in four 8-bit bytes. When these four 
bytes are subsequently sent back to the voltmeter 
while in the binary PROGRAM mode, it will revert to 
the same operating configuration that was manually 
set before. 

A row of lights above the display on the front panel 
(Fig. 4) shows the user the current status of the inter- 
face bus. such as LISTEN, for voltmeter being pro- 
grammed, or TALK, for voltmeter outputting data. 

The instrument has a TEST mode that not only ver- 
ifies operation but that also provides, by the display of 
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Fig. 3. Programming codes for systems control are labeled 
on the front panel An underlined letter, such as the F shown 
here, is the program code for a group of pushbuttons. A 
particular pushbutton is specified by its position in the row 
counting from the left (e g. the number 3 for FAST ac volts) 
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certain numbers if something does go wrong, a guide 
to troubleshooting. 

"Math" Function 

Many measurements are made with voltmeters not 
because some electrical quantity is needed directly 
but because this electrical quantity is related to a 



physical quantity that is the real objective of the mea- 
surement. The ability to convert readings mathemati- 
cally to give readout directly in the units desired is 
built into the new voltmeter. 

Because of their general use, two mathematical 
functions were chosen: percent error and scale. Per- 
cent error is stated as [(X-Y)/Y]xiOO. where X is the 



A Low-Cost, Programmable Data 
Logger 



Model 3455A Voltmeter is combined with a scanner and a 
calculator by means of the HP interlace bus. torming a versatile 
but inexpensive data logging system, designated Model 3051 A. 

Under control of the calculator (Model 981 5A), the scanner 
connects signals from transducers and other sources one at a 
time to the voltmeter's input The voltmeter measures the signal 
level (or resistance) and presents the resull to the calculator 
which stores the result on a magnetic tape cartridge for later 
analysis or, if desired, converts the data to the desired units 
before storing it Up to 18.000 six-digit readings can be stored 
on a single cartridge. 

The data-logging system enables data from widely dispersed 
monitoring points to be gathered at a central station for im- 
mediate interpretation and action. Typical applications include: 
. Monitoring the chemical constituents of plant effluents and 
sounding alarms If anything goes out of limits while at the 
same lime providing the graphic records that may be re- 
quired by some government agencies. 
. Testing products or subassemblies while providing a 

printed record of test results. 
• Monitoring the power usage of various pieces of equipment 
and shutting down various equipment on a priority basis 
if total power consumption exceeds a level where sur- 
charges are levied by the utility company 
. Monitoring temperatures throughout a large plant to 
give a centralized view of how efficiently heating or 
cooling air is being distributed, 
p Serving as a fire-alarm monitor to monitor smoke alarms, 
sprinkler-line flow switches, and hand-activated alarm 
boxes and then activating various alarms as indicated. 
Besides collecting data, the calculator can manipulate the 
data, such as linearizing thermocouple readings It can also 
make decisions based on the voltmeter readings and sound 
alarms or perform some process function by way of relays in the 




scanner. For example, l| can monitor the pH or other chemical 
characteristics of process effluents, and operate valves to intro- 
duce neutralizing agents as needed 

This data logging system directly measures the range of 
electrical quantities that Model 3455A Voltmeter can measure 
(dc volts, ac volts, and ohms) except that the scanner limits the 
upper voltage range to 200V. The scanner (Model 3495A) has 
three reed relays per channel, enabling the voltmeter's guarded 
mput to be extended all the way to the signal sources. Low-level 
signals may therefore be measured with the excellent 
common-mode and normal-mode rejection capabilities of the 
3455A Voltmeter. 

The system can switch, read, and store channels at rates up 
to 5.3 channels per second for dc measurements, or 4.5 chan- 
nels per second for resistances and ac voltages (those with 
signal frequencies above 300 Hz— 1 channel per second for 
lower frequencies). The scanner can also be configured to close 
two or more channels with a single program command so con- 
nections for four-wire resistance or floating bridge measure- 
ments are easily made. Up to 40 channels can be handled by 
the scanner, and the system accommodates two scanners, 
giving the capability for 80 channels. 

The system was designed so it can be operated immediately 
by a user who has had no programming experience A pre- 
recorded tape cartridge supplied with the system asks the user 
a series of questions by way of the calculator's alphanumeric 
printer. The user responds with a few keystrokes, usually a 1 for 
yes, a 0 for no, or a numerical entry such as the range of the 
voltmeter for a particular channel. Once all the information is in 
the calculator, a blank cartridge is inserted in the calculator, and 
the program, properly sequenced, is stored on the cartridge 
from which it can be loaded into the calculator anytime that 
program is to be used 

The calculator is supplied with a specially designed ROM 
that, among other things, includes linearization tables for J, K. 
and T type thermocouples and a reference junction compensa- 
tion program. The system also has program storage space for 
other linearization tables that the user may wish to enter himself 

As a user becomes familiar with the calculator, he can write 
short subroutines that can be assembled as part of a program 
by the relocating loader supplied with the system Writing a 
program is simply a matter of designating the keystrokes for 
solving a problem, just as with a hand-heid programmable 
calculator Branching, conditional instructions and flag manipu- 
lation enable the system to make intelligent decisions about the 
data FQB-NEur loops permit program sequences to be repeated 
a predetermined number of times. 

Since the system components are interconnected by means 
of the HP interface bus, it is relatively easy to add other instru- 
ments or peripherals, such as the Model 9871 A Impact Printer 
that can present results in graphic as well as printed form (see 
box, page 14). 
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Fig. 4. Indicator lights show the status of the instrument when 
operating on the HP interlace bus 



electrical quantity measured and Y is a number de- 
fined by the user. This function is useful in an incom- 
ing inspection area, for example, to check the toler- 
ances on resistors and zener diodes with the nominal 
value entered as the Y quantity. 

The other mathematical function, scale, is stated as 
(X -Z)/Y where again X is the measured quantity, and 
Y and Z are defined by the user. This function can be 
used for many transducer measurements, such as 
measuring temperature with a temperature-sensitive 
resistor where Z is the resistance at 0°C and Y is the 
conversion factor (kfi/°C). With the appropriate quan- 
tities entered, this function causes the voltmeter to 
display temperature when measuring resistance. 

By setting Z = 0. the scale function can also be used 




E 0 = Offset Voltage; G = Gain Error 



Switch Position 


Voltage Measurement 


1 


V, = E 0 G 


2 


V, = (V BEF +E„)G 


3 


V 3 = (V,+E„)G 



Autocallbration Equation: 



MbAtau - Va ~ V ' (V. + E„)G-E 0 G V, 
Display - Vj _ Vi _ (VnE):+Eo)G _ EoG = 



Fig. 5. A technique lor improving the accuracy ol a single- 
range voltmeter. The equation shows that errors caused by 
offset voltages and gain errors are eliminated 



for ratio measurements and with Y=l. it can add or 
subtract offsets to a reading. 

The reference numbers can be entered in two ways. 
One is to use the pushbuttons STORE Y and STORE z (or 
program the same burtons via the interface bus). 
These cause the number currently in the instrument's 
display to be stored. The other way is to enter the 
number by first pressing either the ENTER Y or ENTER 7, 
pushbutton and then keying in the number with the 
pushbuttons that now function as a numerical 
keyboard. The number entered appears on the display 
and is stored whenever the STORE V or STORE z button 
is pressed. The same procedure can also be program- 
med via the interface bus. 

Real-Time Autocalibration 

The new voltmeter calibrates itself by automati- 
cally accounting for gain and offset errors. The basic 
technique is shown in Fig. 5. By taking readings with 
the input grounded, then connected to a reference, 
and finally to the unknown, amplifier offsets and gain 
errors can be eliminated from the measurement re- 
sults. A microprocessor can be programmed to do the 
mathematics indicated, giving a reading that is cali- 
brated to the reference every time a measurement 
is made. 

This technique could be extended to a multirange 
voltmeter by using a separate voltage reference for 
each range. This would require at least one calibra- 
tion adjustment for each range, however, giving the 
same maintenance problem as any voltmeter without 
autocalibration. 

In the new Model 3455A, this technique is ex- 
tended to five ranges in such a way that only two 
calibration adjustments are needed: a +10V reference 
and a precision 10:1 divider, as described in Figs. 6 
and 7. The accuracies of the rest of the components 
need to be within only a few percent. The +10V 
reference and the divider are in the reference module 
that can be removed from the instrument for calibra- 
tion. 

Practical Considerations 

Although the. description of the autocalibration 
system implies that a calibration is performed each 
time a measurement is made, this is not always desir- 
able in practice because it slows the effective reading 
rate by a factor of three. Nor is it always necessary, 
because the calibration measurements can be stored 
and recalled later whenever needed. After a 30- 
minute warm-up of the Model 3455A, the amplifier 
gain and offsets change slowly so they do not have to 
be measured at exactly the same time that the un- 
known voltage is measured. 

The frequency of calibration measurements in the 
Model 3455A depends upon the operating mode. 
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Fig. 6. Simplified diagram of the circuit that performs the autocalibration in the Model 3455A Dig- 
ital Voltmeter. This circuit scales all inputs to the 0-10V range ol the analog-to-digital converter 
that follows. Besides the + 10V reference, the only precision components required are the two re- 
sistors in the precision divider, which are physically located in the reference module. 



When the instrument is self-triggering (internal 
trigger mode), a calibration measurement is made for 
every measurement of the unknown. If the instrument 
is in either the MANUAL/HOLD or the EXTERNAL trigger 
mode, and is not being triggered, it continuously 
makes the calibration measurements. Then when it is 
triggered, it aborts the calibration measurement in 
progress and immediately measures the unknown. 
However, if the triggers occur too fast for it to ever 
complete a calibration measurement, it aborts the 
calibration measurements just 128 times, then delays 
the trigger long enough to complete a calibration 
measurement. If delaying the trigger causes a prob- 
lem, autocalibration can be disabled by a front-panel 
pushbutton or by a program command. 

When the instrument is placed in the self-test 
mode, all of the autocalibration measurements are 
compared against internally stored limits. If a mea- 
surement is out of tolerance, a number between 1 and 
14 is displayed, indicating the source of the 
problem. 

Ohmmeter Autocalibration 

A technique for autocalibrating a resistance mea- 
surement is shown in Fig. 8. As with voltage auto- 
calibration, three measurements are made and the 
true value of the unknown found by solving an equa- 
tion. Again, this technique could be extended to sev- 



eral ranges by having a separate reference for each 
range, which would require several calibration ad- 
justments. 

Model 3455A extends this technique to obtain three 
ranges for each reference resistor, R refi by using the 
precision 10:1 divider to control the gain of the 
amplifier. When the unknown R x is 10 times R ref , V 3 is 
1 0 times V 2 but these can be brought to the same order 
of magnitude by using the precision divider in the 
amplifier's feedback path. This would give the ampli- 
fier a 10 x greater gain when measuring the values 
used in the denominator of the equation of Fig. 8 (V, is 
measured twice, once for the numerator and once for 
the denominator). Similarly, when R x is 0.lR re f the 
amplifier is programmed to a 10x greater gain when 
measuring the values used in the numerator. 

Thus, three resistance ranges are obtained with 
each reference resistor. Model 3455A has two refer- 
ence resistors, both in the reference module, to give 
six resistance ranges. 

The user has a choice of measuring ohms with 
either a 2-wire or a 4-wire configuration. In the past. 
2-wire measurements were made with 4-wire inputs 
simply by using shorting straps across the terminals. 
This practice creates a potential hazard to the user if 
the shorting straps are left in place when the instru- 
ment is used for making high-voltage measurements. 
The conversion from 4-wire to 2-wire is performed 
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10-volt range. Ckjsmg switch S8 pro- 
grams preamplifier A2 to a gam of 1 
The unknown input, the -10-V refer- 
ence and g'ound are connectea se- 
quentially to tne preamplifier input by 
switches Si . S2. and S5. |ust as It the 
Dasic scheme of Fig 5 

l-volt range. Switch S9 programs 
preamplifier A2 to a gam of about 1 0 A 
i-V relerence is obtained by closing 
switches SH and S14. dividing down 
tne 10-V reference in the precision 10 1 
divider (closing S14 holds the inverting 
input of amplifier A2 at virtual ground) 
S3 applies the t-V reference to amp- 
lifier A1 The input and ground are ap- 
plied by Si and S5 as before 

0.1-voll range. Switches S7. S10, and 
Sl4cascade the precision 10 1 divider 
with the 10 1 gam divider, program- 
ming A2 to a gain ol 100. The offset of 
amplifier A3 is accounted for during the 
measurement of ground Since the 
precision divider contributes no sig- 
nificant error to the operation ot amp- 
lifier A2. the reference measurement for 
the 1 -volt range, suitably scaled by the 
computation circuits, can be used for 
measurements In this range The un- 
known input and ground are applied as 
before. 

loo-voll range. Amplifier A1 becomes 
a 101 divider by closure of S12 A2 is 
programmed lor a gam of 1 by closure 
of S8, as for the 10-volt range With S4 
closed, the input, the +10V relerence. 
and ground are applied sequentially 
Ihrough S6. S16, and S15 The refer- 
ence, however, is divided by 10 in amp- 
lifier A1 . requiring the programming ot 
A2 to a gain ol 10 by opening S8 and 
closing S9 during the relerence meas- 
urement This introduces the gam error 
ol A2 mlo the relerence measurement, 
but this is the same gam error obtained 
in the reference measurement on the 
1-voll range This error is used to cor- 
rect the relerence measurement on the 
100-voll range 

1000- vol I range. S13 converts amp- 
lifier A1 to a 100 1 divider Because the 
10.1 precision divider was used to ob- 
tain this factor of 10 difference with re- 
spect to the 1 00- volt range, Ihe 1 00-voll 
reference measurement can be used 
for this range m the same manner thai 
ihe 1-voll relerence measuremenl is 
used lor Ihe 0 1-voll range 



Fig. 7. Switch settings tor obtaining live voltage 'anges using the circuit ot Fig. 6 
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V 3 = (IR,+E„)G 



Autocalibration Equation: 



Display = 
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Fig. 8. A technique tor calibrating a single range of an ohm- 
meter This can be extended to three ranges by programming 
the amplitier to increase the gain 10 x when measuring V 2 
or V 3 (and V, as appropriate) 

internally in the Model 3455A under pushbutton (or 
programmed) control, eliminating this hazard. 

For the system user, being able to program 2-wire or 
4-wire measurements as needed can also save the 
system's multiplexer many scan positions. 



A Faster Integrating A-to-D Converter 

Most dc voltages encountered in practice have 
enough normal-mode noise in high-resolution meas- 
urements to cause reading errors many times greater 
than the stated accuracy of the voltmeter. An integrat- 
ing analog-to-digital converter solves this problem 
for most cases. Measurement speed, on the other 
hand, is important for systems applications. This con- 
flicts with the need to integrate the measured voltage 
over a sufficiently long time to eliminate the effects of 
normal-mode noise. 

Dual-slope conversion, the technique most widely 
used in integrating digital voltmeters, charges an in- 
tegrating capacitor at a rate proportional to the input 
voltage for 1/60 second (1/50 second in instruments 
operating on 50-Hz power). At the conclusion of this 
charging interval, the capacitor is discharged at a rate 
proportional to a known reference voltage. The time 
required for the capacitor to discharge to the starting 



level is proportional to the acquired charge on the 
capacitor, which in turn is proportional to the input 
voltage. This time interval is measured to derive a 
digital indication of the input voltage. 

With the time needed for an autozero operation and 
for stabilizing the circuits, this technique requires 
about 50 ms or more for each conversion. A faster 
conversion time was wanted for the Model 3455A so 
thereading rate could be on the orderof 25/s. This was 
achieved by overlapping the integrator charge and 
discharge phases of the measurement cycle. The 
technique for doing this is described in the box at 
right. 

Instrument Organization 

A simplified block diagram of the Model 3455A 
Voltmeter is shown in Fig. 9. Since the voltmeter has a 
fully floating, guarded input, an optical interface is 
used to couple control signals and measurement in- 
formation into and out of the guarded portion of the 
instrument. The voltmeter output may thus be con- 
nected to ground while the input is measuring a vol- 
tage that may be floating up to several hundred volts 
above ground. 

Two microprocessors are used: one for control of 
the in-guard circuits and one for the out-guard cir- 
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Fig. 9. Organization of Model 3455A Digital Voltmeter. 
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A Faster Integrating 
Analog-to-Digital Converter 



Tne A-to-D convener used in ihe Model 3455A Digital Volt- 
meter is shown m the skeleton circuit diagram below, integra- 
tion is performed by amplifier A1 3nd capacitor C In response to 
iwo sources ot charge the unknown voltage. V, r , and a refer- 
ence voltage. -V s , that is opposite in pclanty to V, r 

The integrator output level is monitored by two comparators. 
C1 and C2 These detect the zero voltage level and a level 
called -V comp . The value of -Vamp 'S not critical as long as it 
is less than the saturation voltage of amplifier A1 

At the start of a measurement, the integrator capacitor. C, 
has no charge on it. Switch S1 closes so the integrator output 
voltage, V, n .. starts going negative as C charges in response 
to the positive voltage at the input. At the same time, the start 
sample signal from the control logic goes true, allowing clock 
pulses to accumulate in the sample period counter 

When V, n . reaches the -V comp level, the voltage transition 
generated by comparator C2 causes the control logic to close 
switch S2 The current supplied by the reference voltage, — V R , 
causes the integrator output to reverse direction, as shown by 
the plot below This continues for a fixed lime interval, t c 
During this lime interval, the count enable signal is true, 
allowing clock pulses to accumulate in the display counter 

At ihe end of time interval t,.. the count enable signal goes 
false and switch S2 is opened. V, r . Ihen goes in a negative 
direction again 
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This alternate charging and discharging of the integrator 
continues until 200 000 counts accumulate in the sample 
period counter When it overflows. S1 opens, S2 doses (if not 
already closed) and the count enable signal goes true (if not 
already true) The integrator output then returns rapidly to ze'O 
volts, which causes comparator C1 to signal the control logic to 
open Si and slop the accumulation of counts m the display 
counter The count m the display counter is now proportional 
to the unknown input, V, n . as shown by the equation 

By making the sample period. T, 16-2'3 ms (or 20 ms when 
operafmg on 50-Hz power lines), integration of Ihe unknown 
occurs for exactly one cycle of the power-line frequency, giving 
good rejection of power-line interference Total conversion time 
is only slightly greater lhan the sample period so the reading 
rate is potentially much faster than the desired 25 readings/ 
second (actual reading rate is limited by the time required to 
output each reading) 

During the autocalibraiion cycle, the sample period and 
display counters are increased by a factor of 10 lo give a total 
capacity of 2,000,000 counts for each. The order of magnitude 
increase in measurement resolution reduces the errors caused 
by working with finite numbers when calculating the measure- 
ment number to be displayed This increased resolution is 
made available for the measurement of unknowns by the high 
resolution pushbutton. 
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Charge Balance Equation: 

V,„T V R nt c V„ t n 



V B 1. 



2R ~ R R fl 

where n = number of t c 's during T (depends on V|„). 



or 



ZUL- .rntc+tR+tit 
V„ ~ 2 l T J 



cuits. Using one microprocessor to perform both 
functions would have required a very expensive opti- 
cal interface, so the two-microprocessor approach 
was chosen. The microprocessors are an HP design 
that uses parallel architecture optimized for high- 
speed control functions at the expense of arithmetic 
capability. 

The two controllers run in locked step. First, the 



out-guard controller determines the next task to be 
done and it then transfers the necessary control in- 
formation to the in-guard controller, which sets up 
the proper signal conditioning and controls the 
A-to-D cycle. After the A-to-D cycle is completed, the 
in-guard controller transfers results to the out-guard 
controller. If the result is from an unknown input, the 
out-guard controller computes the reading and dis- 
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plays it. If it is from a calibration measurement, it 
stores the result. The sequence then repeats. 
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A High-Speed System Voltmeter for 
Time-Related Measurements 

Waveform characteristics as well as dc levels can be 
determined by this fast sample-and-hold voltmeter when 
teamed with a calculator or computer. Optimized for 
systems use. it has a programmable trigger delay that gives 
it unusual capabilities. 

by John E.McDermid, James B. Vyduna, and Joseph M. Gorin 



THE TIME AT WHICH A VOLTAGE is measured 
can provide as much meaningful information as 
the magnitude and sign of the voltage measurement 
itself. Consider, for example, the sine wave shown in 
Fig. 1. If instantaneous voltage measurements are 
made at the two points P and Q, and if the time lapse 
between these points is equivalent to a phase dif- 
ference of 90°, then the amplitude can be derived by 
use of the trigonometric identity. sin 2 (wt + 8) + 
cos 2 M + 6) = 1. 

Hence, by the use of some a priori knowledge, spe- 
cifically the frequency and shape of the waveform, the 
magnitude of a relatively pure sine wave can be de- 
termined from measurements made within one quar- 
ter cycle of Ihe waveform. By comparison, a typical 
voltmeter may require eight to ten cycles of the 
waveform to obtain a valid measurement and may not 
even be able to measure it at all. if the frequency is too 
low. The increase in measurement speed provided by 
the technique of Fig. 1 can have a significant effect on 
the attainable throughput of a data acquisition sys- 
tem. 



Voils 




A = \/A 2 [sin J (ut+«)+cos 2 (ajt+fl)| = Vv7+V? 



Fig. 1 . By measuring the instantaneous level ol a sine wave at 
two points, P and 0. 90" apart. Ihe peak amplitude and rms 
values ol a sine wave can be calculated Points P and 0 can 
occur anywhere in the waveform as long as the 90° relation- 
ship is presen/ed 




Fig. 2. Model 3437A Systems Voltmeter is a last sample- 
and-hold voltmeter designed to work with a calculator or com- 
puter in a systems environment 



Sampling Measurements 

To enable time-dependent measurements like that 
just described, a new voltmeter, Model 3437A (Fig. 2). 
has been designed to sample a voltage and to coordi- 
nate that event with a specific point in time. When 
teamed with a calculator or computer, the new volt- 
meter provides raw data, measured in volts, from 
which the calculator or computer can derive a large 
variety of ac waveform characteristics, as well as dc 
levels. These characteristics include peak value, rms 
value, rise time, frequency, distortion, spectral con- 
tent and many others, limited only by the ingenuity of 
the user. This voltmeter can thus replace an accumu- 
lation of instruments that a system would otherwise 
need to measure all these quantities. 

Model 3437A evolved from the observation that the 
majority of measurements made by a systems volt- 
meter require accuracies no better than 0.5%. A reso- 
lution of 3V2 digits is therefore sufficient. Coupled 
with a successive-approximation type analog-to- 
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digital converter and fast-responding input circuits, 
this allows the new voltmeter to settle in 1.5 /xs within 
3 mV of a 1-volt step input, and to output the voltage 
magnitude and sign less than 200 /us later. 

Of what use is this speed? First of all. it enables a 
data acquisition system to make many measurements 
practically simultaneously, when measured on the 
time scale of most processes. This would be useful for 
examining changing temperature profiles, for exam- 
ple, during studies of heat flow. When teamed with a 
Model 9825A Calculator and a Model 3495A Scanner. 
Model 3437A can measure channels at a rate of 125 
channels per second with up to 100-yxV sensitivity. 

This measurement speed can have a significant ef- 
fect on systems economics, particularly for produc- 
tion test systems where the time taken to run through 
a test sequence is a significant part of the time taken to 
handle the device under test. The ac voltage mea- 
surement technique described in Fig. 1 is an example 
of the speedup that the new voltmeter makes possible. 

Another example concerns measurements of dc 
voltages contaminated with ac line interference 
(Fig. 3). If two samples of this voltage, separated by a 
time equivalent to 180° of the interfering ac fre- 
quency, are taken and averaged, the interfering fre- 
quency and all its odd harmonics can be rejected. 

The measurement speedup made possible by this 
technique can be illustrated by an example. Suppose 
that a system is required to measure five dc channels 
that have 60-Hz interference. The voltmeter's trigger 
interval is set to 0.8333 ms and the multiplexing ar- 
ranged so that the 1st and 6th samples are taken from 
channel 1 , the 2nd and 7th from channel 2. and so on. 
Then within a 1/60-second period, each channel con- 




w 180 

o — I wt 

V, = Vac+A sin (ut+ fi) 
V 2 = Voc+A sin (cot+e+180 ) 
sin(cot + «+180 ) = -sin(ut + fl) 
V, +V 2 = 2 V ac 
V 0C = -J-(V,+Vj) 



Fig. 3. By appropriate spacing of two samples, an interfering 
ac voltage can be eliminated from a measurement of a dc 
voltage. 




Fig. 4. Model 3437 A Systems Voltmeter can be programmed 
to sample and read the amplitude ot a pulse at a point in time 
precisely related to a trigger by the voltmeter's programmable 
delay Uncertainty (jitter) in the location of the sample is less 
than 10 ns. The voltmeter will be accurate to at least 2% within 
0.7 fis after the pulse leading edge. 

tributes two data points 1/120 second apart. Hence, 
five channels are scanned in 1/60 second plus a little 
calculating time, and the 60-Hz interference is re- 
jected. This is about five times faster than an integrat- 
ing voltmeter could accomplish the same task. 

Digitized Waveforms 

One of the significant capabilities of Model 3437A 
is its programmable delay, which allows the instant of 
sampling to be delayed in 0A-fis increments up to one 
second with respect to a trigger. This enables the 
voltmeter to "capture" important values of rapidly 
changing waveforms, such as measuring the amp- 
litude of a pulse (Fig. 4). 

Another significant capability is its ability to make 
measurements in bursts, where several measure- 
ments are made in response to a single trigger, as 
shown in Fig. 5. Up to 9999 measurements can be 
made in each burst with the time interval between 
each measurement precisely established by the DELAY 
function. 

The minimum time between each measurement in 
a burst is determined by two factors. First is the time 
needed to acquire a sample, digitize it, and prepare it 
for output (listed in the specifications, page 19, as the 
minimum delay for N Rdgs > 1). Second is the time 
needed by the "listening" instrument, usually a cal- 
culator or computer, to accept data (the voltmeter 
provides no storage for readings). With a 9825A Cal- 
culator as the controller, the new voltmeter can make 
burst measurements on a single channel at rates grea- 
ter than 4500 readings per second. This rate enables 
low-frequency waveforms to be digitized with many 
closely-spaced samples. The calculator can then op- 
erate on the samples, such as performing a Fourier 
transform on the measured values to obtain the spec- 
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Fig. 5. When making measurements in bursts. Model 34374 
takes several readings in response to a single trigger, 12 in 
this example The lime between measurements is established 
by the delay tunction 

trum of a transient or deriving a measure of waveform 
distortion and other characteristics (see box. page 14). 

The DELAY function can also be used for measure- 
ments on high-speed repetitive waveforms. As shown 
in Fig. 6. the delay can be reprogrammed following 
each measurement so the next sample occurs at a 
slightly later point in the waveform in the same way 
that a sampling oscilloscope samples a waveform. 
With the samples thus obtained, the calculator or 
computer can derive waveform characteristics such 
as amplitude, distortion, and so on. With the delay 
programmable in 0.1-/xs increments, this enables one 
cycle of a 500-kHz waveform to be represented by 20 
samples, giving an effective sampling rate of 10 MHz. 

Instrument Operation 

Model 3437A has three floating input ranges: 
±100 mV. ±1V. and ±10V with a maximum display 
of ±1998 (and appropriately positioned decimal 
point). It was designed from the ground up to be a 
systems voltmeter working on the HP interface bus.* 
hence the front-panel arrangement differs somewhat 
from conventional voltmeters. All functions are pro- 
grammable so the major objective of the front-panel 
layout was to provide a monitor and software debug- 
ging aid, rather than the primary method of control. 
All the programmed states of the instrument are an- 
nunciated on the front panel, allowing program flow 
to be monitored. As a further aid to debugging, one 
indicator (INVALID PGM) shows when a wrong program 
command has been received by the instrument. 

Of the two numeric displays, one indicates the 
measured voltage, The other gives the trigger delay, 
or the number of readings to be taken in a burst, or. by 
a code number, the events that will cause the SRQ 
(service request) line on the interface bus to go true. 

There is a one-to-one correspondence between 

•Hewlett-Packard's implementation ol IEEE Standafd J88-I975 



front-panel keys and program commands. All key- 
per-function commands are two characters long, the 
first being an alphabetical character corresponding to 
the desired function and the second being a number 
that describes the position of the key in the selected 
row, e.g. R3 is the program code for the 10- volt range 
and T2 is for external trigger (see Fig, 2). Data entries 
are preceded by an alphabetical character followed by 
the data and terminated with S, the first letter of the 
STORE key. For example. D.00 IS programs the voltme- 
ter for a 1-ms trigger delay. 

Rather than program each key by separate instruc- 
tions, the voltmeter can be completely programmed 
with seven bytes of information, properly formatted, 
when operating in the binary program mode, the 
same as Model 3455A (see article preceding). This 
mode minimizes the time needed on the interface bus 
to program the instrument, an especially important 
consideration when several instruments may be 
operating on the bus at the same time. It also reduces 
storage requirements on the controller. 

The instrument can also be set up manually then, 
when programmed to be in the BINARY PROGRAM 
mode, the program states can be transferred in seven 
bytes to the controller. The BINARY PROGRAM mode is 
also useful as an autoverification routine for testing 
the interface bus — the controller can program the 
voltmeter, then request return of the program infor- 
mation for comparison with that sent. 

Initiating a Measurement Sequence 

Readings may be initiated in four ways. Three of 
these i INT. EXT. HOLD-MANUAL) can be selected by 
front-panel keys or related program codes. The fourth 
is an interface code (GET. for group execute trigger) 
that initiates a measurement through the interface bus 
regardless of the trigger mode programmed. 

HOLD/MANUAL is the trigger mode most often used 
for programming. When first sent to the voltmeter, the 
code T3 puts the voltmeter into the HOLD/MANUAL 
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Delay 
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Fig. 6. By reprogrammmg the delay following each mea- 
surement, a higher frequency repetitive waveform can be 
sampled for analysis the same way a sampling oscilloscope 
reconstructs a waveform 
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mode. Each subsequent T3 then triggers it just as 
though the front-panel HOLD/MANUAL pushbutton 
were pressed. 

In the external mode, the voltmeter responds to 
TTL negative transitions supplied to a rear-panel in- 
put. If a trigger occurs before data from the previous 
trigger has been output, the trigger will be ignored 
and the IGNOR TRIG indicator will light and its internal 
status line will go true. 

The INTERNAL mode operates in two ways depend- 
ing on whether the voltmeter is controlled locally or 
remotely. In local control, the internal mode gener- 



ates triggers continuously at a rate of about 10/s. 
Under remote control, INTERNAL generates a trigger on 
the transition of the interface bus ATN line to false. 
When ATN (attention) is true, it causes devices operat- 
ing on the bus to recognize codes on the data lines as 
addresses. The transition to false then indicates that 
all addressing is complete. How this affects voltmeter 
operation can be illustrated by an example. 

Suppose a system calculator addresses the volt- 
meter to "listen" and then sends it commands to take 
10 readings in a burst with a delay of 300 /xs. followed 
by a T3 | HOLD/MANUAL] trigger code. The calculator 



A Programmable Data Acquisition 
System that also Analyzes 



Model 3437A System Vollmeter is a component of Ihe new 
Model 3052A Programmable Data Acquisition System, This sys- 
tem, controlled by a Model 9S25A Calculator, also includes a 
Model 3455A Vollmeter and a Model 3495A Scanner. It has all 
the capabilities ot the Model 3051 A Programmable Data Logger 
(page 4) plus much more, such as low-frequency waveform 
analysis, and three-dimensional plotting. 

Model 3455A Voltmeter gives the system high accuracy, high 
sensitivity and excellent noise rejection with a maximum system 
reading rate of 19 dc channels per second with l-/tV resolution, 
or 1 0 channels per second when measuring ac volts and 1 1 on 
ohms (16,5, 9,5, and 10 on 50-Hz power). Model 3437A System 
Voltmeter gives the capability for high reading rates — up to 125 
channels per second wilh 0.1 -mV resolution and more than 
4900 3'/2-digit readings per second on a single channel 




The Model 9825A Calculator brings to this system many 
capabilities formerly found only in computer-based systems, 
from transducer linearization to statistical analysis. It uses a 
high-level, formula-oriented programming language (HPL) de- 
signed for controller applications as well as for data processing. 
The user communicates with the calculator by way of the 
typewriter-like keyboard and the calculator responds with its 
alphanumeric display and printer, giving immediate feedback 
on errors from improper syntax 

Manuals supplied with the system give complete details on 
starting up the system and programming it Also included are 
pre-recorded tapes that have subroutines for operating the 
instruments, thermocouple linearization routines, data plotting 
routines, and a number of application routines that are modular 
in structure, allowing the user to modify them easily for his 
particular applications. Among the application routines is one 
for analysis of waveforms sampled by the Model 3437A Voltme- 
ter. It uses a Fourier algorithm for identifying and measuring 
harmonics as small as 60-dB below the fundamental, besides 
giving waveform amplitude and frequency. The print-oul repro- 
duced here shows an analysis of a triangular wave (the print-out 
was made on the optional Model 9871 A Impact Printer). 

The system is interconnected by the HP interface bus, allow- 
ing easy expansion with other instruments, such as signal 
sources, counters, and power supplies and other peripherals 
like X-Y plotters and digital clocks. It is fully integrated, tested, 
verified and specified as a system prior to shipment, enabling it 
to go to work as soon as it is installed. 
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then addresses the voltmeter to "talk" and itself to 
"listen" so the voltmeter readings can be sent to the 
calculator. The time taken by the calculator for the 
readdressing is almost one millisecond, however, so 
the first three readings are lost. If the voltmeter had 
been sent a Tl (INTERNAL) code instead of T3, it would 
not have started to take readings until readdressing 
was complete and the ATN line went false. 

Output Format 

Voltmeter readings can be supplied to the interface 
bus in either of two formats. The normal format is 
ASCII, in which each character is presented in one 
byte as a single ASCII character. Each reading re- 
quires seven bytes in fixed-point notation, compati- 
ble with most free-field FORTRAN formatters. 

If high reading rates are needed, readings can be 
transferred in two bytes using the packed format. The 
HACKED format, however, does require that the user 
write a special program for unpacking the data. The 
ASCII format, though simpler to use, needs time to 
handshake seven bytes plus the digitizing time, thus 
restricting the overall reading rate significantly. 

The PACKED format also reduces memory require- 
ments for storage of data in the system controller. 

Alert to Special Conditions 

Special conditions needing the attention of the sys- 
tem controller often arise in voltmeter applications. 
Three conditions can cause the Model 3437A to pull 
the interface skq service request line true. The volt- 
meter can be programmed so that any combination of 
these three conditions (or none at all) will activate the 
SRQ line. 

The first of these is DATA ready. Normally, the sys- 
tem controller triggers the voltmeter, then readdres- 
ses itself and the voltmeter to accept the reading. 
Certain output sequences, however, may keep the 
interface bus tied up for a long time waiting for the 
reading, preventing other devices from using the bus 
(the longest sequence, using DELAY = 0.9999999 sec- 
onds and NUM READINGS = 9999. is more than 2 hours 
and 45 minutes). With DATA READY programmed to 
pull the SRQ line, the system can be programmed so 
the voltmeter uses the bus only when it transfers a 
reading. 

IGNOR TRIG is programmed to pull SRQ if a missed 
trigger is significant, such as when digitizing a trans- 
ient. At other times, as when operating in the "sampl- 
ing oscilloscope" mode (Fig. 6). ignored triggers 
could be expected to occur. The voltmeter would then 
be programmed so the IGNOR TRIG status would not 
affect the SRQ line. 

The INVALID PGM status occurs when the voltmeter 
is given commands it cannot recognize. This is used 
to pull the srq line primarily as a help during de- 



bugging procedures. 

The voltmeter is programmed to respond to any 
combination of these three conditions by the entering 
of a number after the enab rqs* key is pressed (or 
programmed). The number is derived by adding the 
code numbers for the special conditions given on the 
front panel, e.g.. entering the number 3 causes rqs to 
be activated if either an invalid trigger (2) occurs or an 
invalid program command |1) is received. All of the 
RQS information is included in the byte sent in re- 
sponse to a serial poll, 

What's Inside 

A simplified block diagram of the Model 3437A 
System Voltmeter is shown in Fig. 7. The entire 
analog section is inside a guard, permitting floating 
measurements up to ±42 volts off ground. Control 
signals and data are coupled to and from the digital 
section outside the guard by optical and transformer 
isolators. 

The input attenuator introduces 20 dB of attenua- 
tion on the 10V range only. Otherwise, the signal 
input goes directly to the autozero switch and then to 
the input amplifier. 

The input amplifier gives a gain of 2 on the IV and 
10V ranges. On the 0.1 V range, the feedback network 
is switched to give a gain of 20 and system bandwidth 
is reduced from about 1 MHz to 40 kHz to reduce the 
effects of noise on low-level signal measurements. 

The sample-and-hold switch follows the amplifier. 
Normally it is closed so the voltage on the sampling 
capacitor tracks the input voltage. When a measure- 
ment is initiated, the sample-and-hold switch opens, 
holding the most recent voltage level on the 
capacitor. At the same time, the autozero switch con- 
nects the amplifier input to ground so the amplifier 
offset can be applied to the analog-to-digital conver- 
ter to null out the offset that appears with the signal 
on the sampling capacitor. 

The output of the analog-to-digital converter goes 
in serial-BCD format to the microprocessor, which 
formats the data for the display. It also formats the 
data for the interface bus in either the byte-serial 
ASCII or packed formats. 

Digital Design 

The microprocessor that controls the voltmeter op- 
eration is the same control-oriented, parallel proces- 
sor used in the Model 3455A Digital Voltmeter. It was 
chosen because of its speed, which makes the voltme- 
ter's high reading rate possible. The micro- 
processor handles both the measurement cycle and 
the interface, being able to do both jobs because very 
little arithmetic is clone. 

'RQS is the abbreviation tot me information sent to a system controller in response to a system poll 
SRQ is the aDOreviation lor the interlace Uus line that causes the controller to initiate a poll whenever that 
line ooes true 
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Fig. 7. Simplified block diagram ol Model 3437 A System Voltmeter. 



To minimize hardware costs, it was desired to bring 
as many tasks as possible inside the microprocessor. 
Certain tasks, however, such as scanning the display, 
place an undue burden on a microprocessor. It was 
therefore decided to implement display scanning and 
the trigger delay in hardware while all remaining 
tasks are handled within the microprocessor. 

To maximize processor availability, a single-level 
priority-interrupt scheme was devised. It is struc- 
tured so the interrupt system is engaged for no more 
than 100 /as at a time. With only one interrupt level, 
this guarantees a maximum response time of 100 tis to 
the highest priority interrupt. By using the interrupt 
system, the processor is relieved of the time- 
consuming task of polling various interrupts to de- 
termine the next task. 

A mainline program runs whenever there are no 
interrupts awaiting service. The mainline program 
scans the keyboard, interprets entries, and carries 
through with the command task. Provision has been 
made in both hardware and firmware to assure that 
the mainline program is never locked out by recurring 
interrupts (when outputting readings at its maximum 
rate, the voltmeter processes about 30.000 interrupts 
per second). 

As mentioned previously, the scanned display was 
implemented in hardware. The voltmeter's front 
panel has 14 LED digits (7 segments each), and 21 
individual LED annunciators that show the current 



program states. Data for the display is put into a pair 
of 4X16 RAMs and scanned out to the LED digits and 
annunciators. The microprocessor reads or writes this 
memory the same as an I/O port but does not have to 
update it continuously, changing data only when 
necessary. 
Interpolated Delay 

As discussed previously, the voltmeter can gener- 
ate a delayed trigger, programmable in 100-ns steps, 
up to one second after the actual input trigger. To 
insure accuracy and stability, digital delay is used. 
Trigger generation is completely asynchronous to the 
10-MHz clock, however, because of an analog inter- 
polator. Without the interpolator, the delayed trigger 
would have a timing uncertainty of 100 ns. 

Operation of the delay interpolator is illustrated in 
Fig. 8. The occurrence of an external trigger sets a 
flip-flop that starts a capacitor charging towards a 
reference voltage. Normally, the capacitor voltage 
would reach the reference in 100 ns. but the first clock 
to occur after the trigger causes the charging current 
to be interrupted, holding the charge on the capacitor. 

The charge is held until digital counters count 
down the desired number of 100-ns increments 
minus one. Capacitor charging then resumes until the 
voltage reaches the reference level, at which time the 
delayed trigger is generated. This technique enables 
delayed triggers to be generated asynchronously and 
repetitively with less than 10-ns jitter. 
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Fig. 8. Operation ol the trigger delay interpolator. The exter- 
nal trigger may occur at any lime with respect to a clock edge, 
and the delayed trigger will be generated with less than 10-ns 
timing uncertainty 

Minimum Down Time 

Model 3437A was designed to minimize the time 
that a system would be out of service because of volt- 
meter maintenance. The zener diode used for the re- 
ference voltage, for example, has a typical drift of 3 
ppm/month. far below that which would affect the 
voltmeter's readings. Because of this stability, no 
trimmers are provided (or needed) for the reference 
voltage. Instead, during final test, padding resistors 
are selected by the computerized test system and in- 
stalled permanently. The digital-to-analog converter 
uses a fine-line, thin-film resistor set that is matched 
within 0,01% (see article following), hence, it needs 
no trimmers either. In fact, the instrument has only 
two trimming adjustments: a variable capacitor for 
adjusting the input transient response, and a variable 
resistor that compensates for production tolerances in 
the offset of the analog-to-digital converter. Both of 
these can be adjusted in less than 10 minutes using 
internal test circuits, eliminating the need for a trip to 
the calibration lab. 

The digital-to-analog converter is an example of the 
kind of no-trimmer design techniques used. This 
converter uses the traditional successive- 
approximation algorithm: at the start of a conversion, 
a value equivalent to one-half of full scale is com- 
pared to the unknown input. If the input is less than 
this value, the value is switched out and a second, 
smaller value switched in for comparison. If the input 
is greater than one-half full-scale, the first value is 
retained when the second value is switched in. Again, 
a comparison is made and the second value is kept or 
rejected according to the result. This process repeats 
with smaller and smaller values until the limit of the 
voltmeter's resolution is reached. The state of the 
switches that insert or reject values thus corresponds 
to the input voltage. 

In the Model 3437, the digital-to-analog converter 



works with an offset so the unipolar converter can 
work with bipolar inputs. A value of zero in the 
successive-approximation register corresponds to the 
most negative full-scale input (e.g. — 1.998V), full 
value corresponds to a full-scale positive input vol- 
tage (-1-1. 998V) and half value corresponds to zero 
input. The first value in the successive-approximation 
algorithm is thus an indicator of polarity. 

A skeleton diagram of the converter is shown in 
Fig. 9. The comparator responds to the sum of the 
currents flowing into the summing node at its nega- 
tive input. A fixed current flows into this node from 
the positive reference. +V re f. One of the other two 
currents results from the unknown input voltage and 
the other flows from the minus reference voltage. 
-V re f. through whatever bit-weighting resistors are 
switched to -V re f. When the three currents sum to 
zero, the summing node is at ground. 

At the start of a conversion, resistor XI is switched 
to -V ri , f . If the summing node is then above ground, 
the comparator indicates to the logic circuit that XI 
should remain connected when X2 is switched to - V re f 
on the next clock pulse. If the summing node had 
been below ground. XI would have been discon- 
nected at the time X2 was switched in. On each suc- 
ceeding clock pulse, the next resistor is switched in 
and retained or rejected on the following clock pulse 
according to the result of the comparison. The total 
current into the summing node thus approaches zero 
as the conversion proceeds (the input amplifier offset 
is applied to the positive input of the comparator, 
rather than ground as shown here, to compensate the 
reading for the offset). 

XI . equivalent to 2000 counts in the display, is the 
polarity indicator, being off for negative input vol- 
tages and on for positive inputs. X2. equivalent to 
1000 counts, corresponds to the most significant digit 
(1 or 0) and the next four resistors, weighted 800, 400. 
200. and 100. correspond to the next most significant 
digit. Similarly, the remaining resistors are weighted 
80. 40. 20. and 10. and 8, 4. 2. and 1 to give the 3% 
digit reading in BCD format. For positive input vol- 
tages, which give output values greater than 2000, the 
microprocessor subtracts 2000 counts to obtain the 
value for display. For negative input voltages, where 
XI would be off, the microprocessor subtracts the 
A-to-D output from 1999 and inserts the negativesign 
for the display. 

Switching of the resistors is performed by CMOS 
digital inverters with six matched inverters on a 
single chip. The source voltage for the inverters is 
supplied by amplifier Al which, by means of its oper- 
ational amplifier configuration, also establishes 
the negative reference, -V re f , precisely equal in mag- 
nitude to +V re f. The feedback path includes the out- 
put resistance R oul . of one of the inverters so the out- 
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put of any of the inverters, when switched to the low 
state, is at — V re f. 

The advantage of this design is that when the out- 
put of an inverter is high (ground level), there is no 
current in its associated resistance because the input 
to the comparator, when balanced, is also at ground 
level. Hence, the inverter output resistance, which in 
the high state is about five times greater than in the 
low state, has no effect on the measurement. 

When in the low state, each inverter has an effective 
output resistance of ±40 worst case because of the 
feedback in amplifier Al (inverter output resistances 
are matched within 10%). With R equal to 50kfi. the 
maximum possible error in the second data bit is then 
only 0.08 digit and the errors in succeeding inverters 
are negligible because of the lower currents encoun- 
tered (the first bit. and several other parameters, are 
calibrated by the adjustment of V ref during produc- 
tion test). Hence, the bit-weighting resistors need no 
compensating adjustments. 

Minimum Power Consumption 

Power consumption was reduced whenever possi- 
ble to achieve cooler operation and thus enhance re- 
liability. Because of this approach, a discrete series 



regulator was chosen for the power supply rather than 
one of the popular integrated circuit regulators. This 
enabled the regulator to be designed for minimum 
power dissipation with the particular load that the 
voltmeter circuits present to it. Higher efficiency is 
obtained by using a high-current PNP transistor as the 
regulator. It functions when run into saturation, 
where there may be as little as 300 mV between input 
and output. In addition, at maximum current only 50 
mV appears across the series current-sense resistor 
(actually a 100-nli inductor). The power saved is sub- 
stantial, as shown in the following table. 

Power Supply Comparison 

Power requirements: 5Vx5%; I=2A@4.75V, 2.22A @5.25V. 
Input voltage tolerance llinel: nominally + 7%. -13%. 

3437A Supply IC-regulator Supply 

Maximum regulator input current 

(includes base current): 2.04A 2.24A 
Minimum regulator input voltage 

(dropout): 5.1V 7.3V 

Typical time-average input voltage: 7.35V 10— 12.15V 

Maximum regulator dissipation 6W 11.6-14. 9W 

Typical power consumption: 15W 22.4-27. 1W 

Maximum consumption: 1H.2W 27.1-32.6W 

3437 A transdirmHr efficiency: 90%: winding tolerance -3% Rectifier forward voltage 
tolerance: 0.25V. 
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SPECIFICATIONS 

HP Model 3437A System Voltmeter 



Mai Display 
= 19.98 
Si 998 
: 1998 



RANGES 

Ranges 
10V Oc 
W dc 
0.1V dc 
RANGING: Manual or Remote 
STATIC ACCURACY 190 Bays. 23"C iFO: 

10V RANGE = 0.05% ol reading = 1 6 digits 
1V RANGE =0.03% ol reading = 1.6 digits 
0.1V RANGE = 0.06% ol reading = 1 8 digits 
TEMPERATURE COEFFICIENT ICC— 50X): 

= 0.002% ol reading.'C =0 05 d>gits"C 
INPUT BANDWIDTH (3 dB) 
10V RANGE 10 MHz 
IV RANGE 1.1 MHz 
0 1V RANGE: 40 kHz 
SETTLING TIME 

10V RANGE, with 10V slap input Reading settles to within 30 mV ol rinal value 

in 7 5us or lo within 200 mV of final value In 700 ns 
1V RANGE, wim IV step input Reading settles to within 3 mV ol final value in 

1.5 us or to within 20 mV ol final value in 700 ns 
0 1V RANGE, wllh IV step Inpul Reading seines lo within 200 uV ol 

final value hi 25 us. 

COMMON MODE REJECTION (CMR) (with Iki! unbalance in low lead at dc to 
60 Hz) : >75 dB (CMP Is the ratio of the peaK common-mode voltage to resultant 
peak error voltage in the reading) 

INPUT CHARACTERISTICS (Inaxiat input with Iron! and rear inputs in parallel)' 
INPUT IMPEDANCE 

10V RANGE R=1M(l=20%shumedoy < 75 pF. 

IV RANGE R>10*il=20% shunted by <75 pF 
0.1V RANGE R>10"ll=20% shunted by - 75 pF 
MAXIMUM INPUT VOLTAGE. HIGH TO LOW (on all ranges). 

< =30 V Peak 
MAXIMUM VOLTAGE LOW TO CHASSIS • 42 V Peak 
NUMBER OF READINGS (N RDGS): 0 to 9.999 When N - 0. 3437A operates in 

delay mode only 
MAXIMUM READING RATE (REMOTE AND N RDGS 1) 
3,600 (listen rate') 



ASCII 



Packed 



3.600 - listen rale' 
5,700 (listen rate 7 ) 
5.700 - listen rate'" 



'Listen rate is maximum speed immmum delay) that listener can accept 7 data 
bytes 

'Listen rate is maximum speed (minimum delay) that listener can accept 2 dala 

byles 
DELAY 

N RDGS-0 OR 1 0 lo .9999999 s in 0 1-us slops 

N RDGS 1 (REMOTE) Minimum to 0 9999999 5 in 0 1-,-s slops 

Minimum delay Is a function ol listener delay related by 

ASCII 277 8 us I listener delay 

Packed 175.4 us - bstenei delay 
ACCURACY (Ext trig lo DELAY out. 0 C to 50'C) 

DELAY OFFSET 100 ns - 25 ns (with • 150 pF cable capacitance) 

DELAY ACCURACY - 0 008°. DELAY selling - delay ollsel 
DELAY REPEATABILITY fJITTERl FOR N RDGS • 0 or V 

DELAY OF0OR 1 us r 2 ns. 

DELAY OF 2 «s TO 50 ms. =10 ns ■ 0.0002% DELAY selling 

DELAY OF GREATER THAN 50 ms : 110 ns 
DELAY OUTPUT: Low true TTL 
EXTERNAL TRIGGER: Low Hue TTL edge trigger 
OPERATING TEMPERATURE: 0 to 55 C 
HUMIDITY RANGE: 95% R H , 0 lo 40 C 

POWER: 100V, 120V, 220V. 240V • 5%. 10%. 48 Hz to 440 Hz line operation 
Less than 42V A. 

DIMENSIONS: 212.7 mm wide ■ 88 9 mm high • 527 1 mm deep (8-3 8 • 

3V» » 20*1 inches) 
WEIGHT: 5 6 kg (12 lbs, 4 az.) 
PRICE IN U.S.A.: 51900 

MANUFACTURING DIVISION: LOVELAND INSTRUMENT DIVISION 
815 Fourteenth Street, S W 
Lovoland. Colorado 80537 U S A 
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Contemporary Design Practice in General- 
Purpose Digital Multimeters 

With lower cost and smaller size, digital multimeters are now 
found in a very broad range of applications. New 
approaches to design are required to meet the demands 
posed by this universality. 

by Roy D. Barker, Virgil L. Laing, Joe E. Marriott, and H. Mac Juneau 



DIGITAL MULTIMETERS are now more reliable, 
smaller, and lighter than they were a few years 
ago, and they perform better at less cost. Conse- 
quently, these versatile instruments are finding their 
way into the hands of a much broader range of users, 
necessitating new approaches on the part of the 
designers. 

Although circuit design innovations and advances 
in semiconductor technology have contributed many 
changes, a better understanding of customer use 
— and accidental misuse — has created a need for more 
thorough design evaluations. The product assurance 
effort at HP's Loveland Instrument Division, for 
example, is now about evenly split between 
potential-problem analysis and conventional reliabil- 
ity engineering, such as component selection, in- 
strument and component life testing, and failure 
analysis 

The goal of potential-problem analysis is to predict 
the possibilities of user errors or misapplication 
— now that the new, smaller, lighter, low-cost in- 
struments are found in circumstances much less pro- 
tective of their well-being — and to verify that new 
instrument designs are immune from damage result- 
ing from most of these possible misuses. Verification 
is obtained by subjecting new designs to a rigorous set 
of abuse tests. 

Digital multimeters (DMMs) are particularly ap- 
propriate for abuse testing because they are often ex- 
posed to situations involving voltage and power 
levels that are quite high. New multimeters being 
designed at the Loveland Instrument Division now 
must survive 230V ac into any terminal pair on every 
function and range setting, massive current overloads 
into the current measuring terminals, and 1000 volts 
dc (with a 50-mA current limit) into any terminal pair 
with disallowed function or range settings (one in- 
sidious way of obtaining disallowed function or 
range conditions is to push more than one pushbut- 
ton, such as ohms and volts, at the same time). They 
must also survive a 15-kV static discharge that simu- 



lates the arc occurring when a person touches a metal- 
lic object after walking across a carpet on a dry day. 

The series of abuse tests is applied to prototype 
instruments and the results communicated to the de- 
sign engineers, who modify the design accordingly. 
Out of this interchange, certain design principles 
have emerged. For one. grounded traces are placed in 
close proximity to the input and displays so any static 
discharge will be drawn to ground before it would be 
attracted to a vulnerable circuit component. Fuses in 
series with the input circuits are used liberally (Fig. 
1). The ohms input not only has a fuse, but also a 
series resistance and limiting diodes to minimize 
damage from an attempt to measure voltage while the 
instrument is in the ohms mode. The amperes input is 
now separated from the volt-ohms input to reduce the 
likelihood that a voltage measurement would be at- 
tempted while a low-impedance current shunt is in 
the circuit. The logic for the front-panel switching is 
designed so that if two buttons are pressed, the in- 




Flg. 1. Both inputs to the Model 3476A Digital Multimeter 
located on the side of the instrument, are fused. Sliding the 
small panel to the right aligns the input holes with the fuses, 
making them readily accessible for replacement. 
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An Economical 3V2-Digit 
Multimeter 



Mooei 3476A. Hewlett-Packard s lowest priced digital mul- 
timeter, is a 3'.'2-digrt instrument thai measures dc and ac volts 
ac and ac current, ana resistance It nss autorangmg and 
autopolanty selection but it also nas a range-hold (unction that 
retains a range regardless of input changes Full-scale ranges 
are from =0 110V to ± 1000V dc and ac. ±0.1 10 and ±1 10 A 
dc ana ac. ana 1 10 kfl to 1 1 ,000 kft Mid-range dc accuracy is 
-(0 3% of reading + 1 digit). The frequency range for ac voi- 
lage ana current measurements is ^5 Hz to 5 kHz. 

The most sinking feature of this compact instrument is its 
unorthodox shape, a shape that evolved from human factor 
considerations. The thin, flat enclosure allows the instrument to 
be carried conveniently in a brief case or in a tool box The 
upward slope on the forward edge of the top surface provides a 
convenient finger rest to prevent the instrument from sliding 
away when the pushbuttons are pressed. It also provides a 
handy grip for picking up the instrument The "roof" over the 
display shields the LED display from direct light, enhancing its 
readability The rim running below and up at each end of the row 
of pushbuttons protects the buttons from impact should the 
instrument be dropped accidentally. 

Hewlett-Packard already offers an autorangmg 3'/2-digit mul- 
timeter, the hand-held Model 970A Probe Multimeter (Hewlett- 
Packard Journal, November 1973). The design goal lor the new 
Model 3476A was to get improved performance at lower cost by 
eliminating the circuit restraints imposed by the small size of the 
probe multimeter. Consequently, Model 3476A uses discrete 
components on a wave-soldered printed-circuit board rather 
than the hybrid circuit used in the probe multimeter. This re- 
duced production costs below those incurred by the wire- 
bonded hybrid circuit. Even the power transformer is wave- 
soldered into the instrument during the single soldering opera- 
tion However, to assure that high impedance is maintained at 
the input under all normally encountered environmental condi- 
tions, Teflon insulated wire and Teflon cloverleaf insulators are 
used, and this entails some hand wiring. 

On the other hand, the monolithic digital integrated circuit 



strument will go to the least vulnerable mode, usually 
the volts mode. 

As a result, the new generation of DMMs is consid- 
erably tougher and more forgiving of accidental abuse 
than earlier generations. 

Integrating the Attenuator 

Advances in technology continue to improve the 
price/performance ratio achieved with new multime- 
ter designs. One area that until recently had not bene- 
fited from new technology is the precision attenuator 
that ultimately determines a multimeter's accuracy. 
Historically, DMMs have used discrete wirewound 
resistors. Some use has been made of laser-trimmed 
thin-film and thick-film resistors, but these have usu- 
ally been limited to values below one megohm if 
stable materials are used. One way around this limita- 
tion is found in the Model 970A Probe Multimeter 
which has low-cost discrete resistors of 1% accuracy 
in series with thin-film resistors; the thin-film resis- 



deveioped for the Model 970A Probe Multimeter is used in the 
Model 3476A because R reduces the large number of intercon- 
nections and pans that any digital multimeter needs. This inte- 
grated circuit includes counters, buffer storage, code conversion 
for the display display scanner, autorange circuits, several 
ROMs, and most of the analog switching It was modified for the 
3476A application to include the range-hold function 

Costs were reduced further by use of the fine-line, thin-film 
resistor pack (see main article) that was not available at the time 
of the probe multimeter s development The instrument s read- 
out is a newly developed monolithic LED display similar to but 
larger than the LED displays used in the probe multimeter and 
also m HP hand-held calculators, it displays measured values 
directly in volts, kilohms, or amperes 

One version of the new multimeter is designed for ac line 
operation only (Model 3476A) and another version operates 
from internal NiCad batteries (Model 3476B). The battery- 
powered version operates up to eight hours on one battery 
charge and recharges overnight. 




tors are trimmed to establish the accuracy of the series 
combinations. 

Using thin-film resistors exclusively would reduce 
costs by eliminating several discrete components and 
the handling and soldering they entail. Tantalum nit- 
ride is a preferred material for a thin-film resistor 
because it has controllable temperature response, 
lends itself readily to vacuum deposition techniques, 
and the finished product is stable and durable. The 
drawback is that a thin deposition of tantalum nitride 
has a maximum resistance of 100f2 per square, giving 
a practical maximum limit of about 60 kfl using con- 
ventional thin-film techniques. 

This has now been changed by application of 
state-of-the-art photomasking and other semiconduc- 
tor processing techniques to the fabrication of 
tantalum-nitride resistors. Thin-film resistors can 
now be made with a line width of only 5 microns thus 
making it practical to obtain resistance values as high 
as 10 Mft. A 10-Mfi resistor 5 microns wide turns out 
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Fig. 2. Fine-line resistor set used in the Model 3465A Digital 
Multimeter is on a substrate measuring 4.5 x4.5 mm. The 
square area in the upper right is a 10-Mil resistor in a square 
spiral pattern. With a 5-micron line width and 5-micron spac- 
ing, the lines are indistinguishable in this pholo. 



to be 500 millimeters long but when deposited with 
only 5-micron spacing between lines, it can be con- 
tained in a square less than 2.5 mm on a side. 

With this technique, all of the resistors needed for a 
digital multimeter can be deposited on one sapphire 
substrate (Fig. 2). This close-packed arrangement as- 
sures that the resistance values track closely with 
changes in temperature, maintaining constant resis- 
tance ratios for more accurate performance. It also 
reduces space requirements. If implemented with 
discrete resistors, the same resistor set would require 
four square inches (2500 mm 2 ) of printed circuit 
board. 

The final leg of each thin-film resistor has a series of 
parallel shorting links that cause the total resistance 
to be lower than the desired value. These are opened 



selectively by a laser beam under computer control, 
effectively adding lengths of resistor to the total. Once 
an index mark on the substrate is located, a computer 
controls the X-Y positioning of the substrate accord- 
ing to the measured value of the resistor, moving the 
appropriate link under the laser beam for dissolution. 
In this way, each resistor is brought up to the desired 
value and the resistance ratios for each set of resistors 
can be trimmed to an accuracy of better than 50 parts 
per million. 

Not only does this technique achieve good accu- 
racy but it also lowers production costs by reducing 
the time needed for calibrating the finished instru- 
ment. It is a major contributor towards reducing the 
costs of the new HP DMM's while improving perfor- 
mance and reliability. 

Rethinking the Circuits 

The basic block diagram of a DMM hasn't changed 
(see Fig. 3), but advances in semiconductor technol- 
ogy require repartitioning of the functions to take 
advantage of large-scale integrated-circuit technol- 
ogy without sacrificing performance. For example, an 
autoranging multimeter with a dual-slope analog- 
to-digital converter requires a large number of 
switches for analog signals. Since the switches are 
controlled by MOS control logic in a large-scale in- 
tegrated circuit, it would be expedient to use MOS 
transistors as those switches. 

MOS transistors, however, cannot directly replace 
mechanical switches because of resistance and vol- 
tage limitations, For one, MOS switches having ON 
resistances less than 100 ohms are too large to be 
practical and economical in a conventional circuit 
configuration. For another, the substrate on which all 
the logic and MOS switches are fabricated behaves as 
a "back-side" gate, so the source-to-substrate voltage 
of each switch modulates the switch's ON resistance. 
This "back-gate" bias effect thus constrains the use of 
MOS transistors as switches to applications where the 
source voltage is at or near circuit ground. 

This suggests the use of an operational amplifier for 
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gram ol a digital multimeter. Indi- 
vidual instruments may differ in 
details. 
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A Precision 3V2 Digit Multimeter 



Model 3435A Digital Multimeter is a 3Vj digit instrument that 
has Detter accuracy (0.1%) than Model 3476A. a wider fre- 
quency range for ac signals (to 100 kHz), and higher sensitivity 
for resistance measurements (10-mfl resolution) it measures 
dc and ac volts with full-scale ranges from 200mV to 1200V. 
resistance from 20n full-scale to 20 Mn. and dc and ac current 
ranging from 200 /iA full-scale to 2000 mA. with automatic 
polarity indication and either manual or automatic range selec- 
tion (except when measuring current) Lighted front-panel an- 
nunciators show the function ana range selected 

An optional "touch-hold' probe enables a voltage reading to 
be retained on display when a pushbutton switch on the probe 
body is pressed. This facilitates measurements in situations 
where it may be difficult to hold Ihe probe in position while 
looking away to read the measurement. 

Pressing the button on the probe grounds the amperes input, 
which is convened to a logic input whenever the instrument is 
switched to either the dc or ac volts mode. Grounding the 
amperes input interrupts the voltmeter's logic circuits so voltage 
sampling is stopped and the most recent reading is retained on 



display Releasing the button restores normal operation 

Model 3435A is powered by a seated lead-acid storage cat- 
tery that can give more than 10 hours of continuous operation 
with only 12 hours recharge (a built-in charger is included) With 
3 new high-efficiency LED display, the voltmeter dissipates only 
three watts, not only extending battery life, but also enhancing 
accuracy, stability, and reliability by keeping imemal tempera- 
tures low 

Model 3435A uses the fine-line resistors and the single- 
reference A-to-D convener described in the accompanying ar- 
ticle, giving it high-grade performance ai low cost. Servicing 
and calibration costs are also low because there are only four 
poiennometers and iwo capacitors that require adjustment dur- 
ing routine calibration procedures. 

The instrument is housed in a tough plastic case, well suited 
for applications requiring portability The carrying handle dou- 
bles as a bail, being able to rotate through 15 positions, each 
secured by a positive locking detent. An optional version (Opt 
002) is in a modular cabinet that can be racked or stacked with 
other HP modular instruments (see photo below) 





an attenuator, using a switched feedback network for 
the various ranges as shown in Fig. 4a. The opera- 
tional amplifier establishes a virtual ground at the 
summing point at its inverting input where the 
switches are. The problem with MOS transistor 
back-gate bias is thus eliminated. The problem with 
the ON resistance remains, however. The ON resis- 
tance in series with the 1-kH resistor of Fig. 4a must 
satisfy the following relationship if it is to introduce 
less than a one-count error in a full-scale reading in a 
2000-count (3V 2 -digit) voltmeter: 



ON 



looon 

2000 



= o.sn 



This is a value much lower than that realizable at the 
present time. 

The effect of the MOS transistor ON resistance can 
be reduced significantly by shifting the summing 



point to the other side of the MOS switches and then 
using additional MOS switches to connect the ap- 
propriate summing point to the amplifier's inverting 
input, as shown in Fig. 4b. The ON resistance of a 
MOS switch in series with the 10-Mll input resistance 
easily satisfies the relationship (for a 1-count error in 
a 2000-count voltmeter): 



Ron 



ioxio 6 n 

2000 



= 5000O 



The switches between the summing points and the 
amplifier's inverting input contribute negligible er- 
rors because very little current flows through them. 

To prevent errors from source-to-substrate leakage 
currents in the OFF switches, the MOS switch fabrica- 
tion process must be carefully controlled. A 200-mV 
input to the attenuator of Fig. 4 results in a mere 20 nA 
flowing through the 10-MQ resistor. This corres- 
ponds to 10 pA per count in a 2000-count volt- 
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Fig. 4. (a) Range-switching arrangement, (bj Modification 
that reduces eitect ot MOS-transistor "on" resistance. Here, 
Si and S6 are switched on to select one range. S2 and S7 
(not shown) select another, and so on to S5 and S10. 



meter. Thus, the sum of all leakage currents must be 
less than 10 pA to avoid errors from this source. 

Lower-Cost Circuits 

New ideas in circuit design continue to reduce the 
number and precision of parts used in multimeters. 
An example is the dual-slope A-to-D converter widely 
used in digital multimeters. A simplified diagram of 
one such converter is shown in Fig. 5. If Rl and S2 
were removed from this diagram, the result would be 
an autozeroed single-polarity (V in =s0) converter of 
traditional design. 

The conversion cycle starts in autozero with Si to 
ground and the voltage building up on C2 causing the 
current flow through Cl to go to zero. The resulting 
voltage on Cl is the difference between the integrator 
and comparator offset. 

Next, S4 opens with C2 holding the zeroing voltage 
and Si connects to the input voltage. Integrator 
capacitor Cl now charges for a fixed time established 
by the control circuit. Then, Si switches to ground, 
S3 closes, and Cl discharges until it reaches the au- 
tozero voltage. At this time, the comparator changes 
states signaling the end of discharge. The time to 
discharge is proportional to the input voltage. 

Dual-polarity operation has been added to this 
basic circuit by switching R2 to a -10V reference or 
by using an op amp circuit that inverts the +10V 
reference to create a negative reference, or by charg- 
ing a capacitor with the +10V reference and switch- 
ing both ends of the capacitor to create a negative 
reference. The same result can be accomplished by 
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charge is then equivalent to 
switching to a negative reference. 



24 



© Copr. 1949-1998 Hewlett-Packard Co. 



Extending the Ranges of a Digital 
Multimeter 



Present-oay digital multimeters typically have four to seven 
ranges 'or each function but by taking advantage of the high 
mput impedances and low input bias currents characteristic 
of today s multimeters In the voltmeter mode, resistances ana 
currents beyond those specified for the multimeter can be 
measured 

Very High Resistances 

Resistances well into the gigaohm region are easily made 
with the aid of an external source and the set-up shown m the 
diagram. The multimeter is in the dc volts mode 



Rdmm 
(10M11) 




DMM 



The unknown is found by evaluating the formula 



SOURCE - V DMM 



0 



For example, if V S0UBCE is 1 0V dc . R 0MM is 1 0 Mfi . and V DMM is 
100 mV, 



R. = 



10Mn (i0zOi) 

0 1 



= 990Mn 



If the DMM input resistance is very high, say >10'°. it is a 
simple matter to arrive at reasonable numbers by paralleling the 
input with a 10 MI2 resistor, 

Very Low Currents 

A digital multimeter can be used in the dc volts mode as a 
nanoammeter where the multimeter's input resistance serves 
as the current shunt, as shown in the diagram below 



I.111M1! 



V OMM 



> > 



RoMM 

(10M11) 



The unknown current, i . . is derived by evaluating the formula 



"DMM 

" v dmm were lOOmV and R DMM were IQMQ, I, would be 10nA 
if the input were paralleled by a 1 1 1 1 Mfi resistor, the effective 
Rdmm would be 1 MO and the multimeter would then read in nano- 
amperes directly 

Pitfalls 

Obviously, a manufacturer could include these ranges in the 
original design Why doesn't he 9 The primary limiting factor is 
input bias current No matter how good the input amplifier 
may be, there is a small amount of bias current, typically 10 to 
100 pA, that can interfere with the measurement, and this cur- 
rent can change drastically with temperature. A voltage read- 
ing taken with the unknown impedance connected while no 
signal is applied will indicate the amount of error attributable 
to the input bias current. 

A second limiting factor is the voltage applied in the ohms 
mode To prevent component damage in the circuit under test, 
the open-circuit voltage of most DMMs in the ohms mode is 
limited to 5 volts dc No such constraint exists when an external 
source is used but the operator should evaluate the possibilities 
for damage beforehand. Also, if very high voltages are used for 
very high resistances, prudent shielding should be Ihe rule 
and a high-quality capacitor ought to be connected across the 
multimeter input to reduce noise 

Trading Resolution for Reduced Burden 

There are times when making measurements of current or 
resistance at less than 10% of full scale may result in more 
meaningful results. In measurements of current, for example, a 
typical voltage burden (voltage drop across the DMM mpul 
terminals) of 100 mV would be reduced to 10 mV by switching to 
the next higher range. Measurement accuracy and resolution 
are reduced by a factor of 10. but may still be high enough for 
many measurements. The disturbance to Ihe measurement 
caused by the voltage burden, on the other hand, is also re- 
duced, so measurement accuracy may actually be increased 

For resistance measurements, a typical 1 -volt burden is re- 
duced lo 0.1 voll by going to the next higher range. In many 
instances this would reduce errors caused by conduction in 
solid-state devices, again enhancing accuracy. 



DMM 



using only Rl and S2. as shown in Fig. 5. S2 is left on 
during autozero so the effect of its current is nulled, 
just like other currents flowing into the integrator, S2 
is left closed continuously until a negative current is 
required at the integrator. Then by opening S2, the 
removal of the precision positive current through Rl 
appears to the integrator like the application of a 
precision negative current. 
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1-fiV Resolution in a Low-Cost 4*fc 
Digit Multimeter 



Model 3465A/B Digital Multimeter has a 20-mV lull-scale dc 
voltage range that gives a resolution ot 1 ^V. very useful for 
measuring the outputs of strain gages and thermocouples or 
drift In precision voltage sources The maximum resolution on ac 
voltage measurements is 10 fiV, ° n measurements ot current 
(ac or dc) it is 10 nA, and on resistance measurements, 10 mft 
Open-circuit voltage on the most sensitive ohms range does not 
exceed 5 volts to prevent damage to most semiconductor de- 
vices. 

Midrange dc accuracy is ^0.02% ± 1 digit The frequency 
range for ac measurements is 40 Hz to 20 kHz. 

Model 3465A/B is manual ranging with aulopolarity and au- 
tozero. Like Model 3435A, it can work with the optional "touch- 
hold" probe to retain a measured value on display whenever the 
pushbutton on the probe is pushed. 



This multimeter is available in two versions. Model 3465A is in 
a modular cabinet that is readily combined with other modules 
for rack mounting or bench stacking. It has a variety of power 
options, including rechargable Nicad batteries with internal 
charger, throw-away type-D dry cells (alkaline cells give 60 
hours continuous operation), or ac line. The dry-cell version can 
also operate on dc supplied from hand-held calculator battery 
chargers. 

Model 3465B is housed in a streamlined plastic case with 
carrying handle. It is powered by ac line and rechargable Nicad 
batteries. 

Like Models 3476A and 3435A, Model 3465A'B achieves 
quality performance at low cost by extensive use of computer- 
aided testing, laser-trimmed fine-line resistors in the attenuator, 
and a single-reference bipolar A-to-D converter. 




D 



□□□□□□ □□□□□□□ 






Roy D. Barker 

Roy Barker graduated with a BSEE 
degree from the University of Ok- 
lahoma in 1962 and worked in 
satellite-tracking instrumentation 
and microwave data links before 
joining Hewlett-Packard in 1967 
At HP. Roy was initially involved in 
production engineering, then be- 
came involved in IC design and 
production before becoming sec- 
tion manager for digital voltmeters. 
In his off hours, Roy likes to go 
cross-country skiing, often with his 
wife and 8-year-old son, and he 
also enioys woodworking 



Virgil L. Laing 

Virgil Laing first worked in IC de- 
velopment upon joining HP in 
1968, subsequently becoming 
proiecl leader for the NMOS pro- 
cess used for the 9800-senes Cal- 
culator ROMs. He then designed 
a major part of the IC used m the 
970A Probe Multimeter Then 
he became project manager 
for the Model 3435A Multimeter 
\ / \^ He has bachelor's, master's, and 

PhD degrees in electrical en- 
gineering, all from the University of 
Minnesota Virgil enjoys the Col- 
orado outdoors, going pheasant 
hunting and taking his family on hiking and camping trips 




r 



26 



© Copr. 1949-1998 Hewlett-Packard Co. 



MP Mod* 3476A.B Digital MurtlmtW 



dc .l-ltwtir 



=f3 3% B> •« 



ti 1CV 
r"CV 

• "Wv 



TE*«fi*I^fi£ COE*F-OENT tiBWttfwg - C J -J^t. C 

common ncoePs^cTeNiikiiw^ww pitmmt^mmm 
MffHnnwo >0Mo : »% 

*^VT 9B0TECTO»i "OOYsm 
AC VOLTMtTER 



RANO£- 



«CCUfi»C*JM 20B3CTC SO'M** -w> *OgAii 




'Ranga* .Aatta ai 



N«J-.0<M 



rlC«% Q"B»ng - 2 Sg-*J 



TEMP£OA?Ui>E COCffCiEVT -_tOOS"» B rwSng - 0 S »jl> *C 
COMMON MOOt REJECTION i 'Ml .nEWnon «fl 4 SO mi SO .u 
INPUT 0ES3TAMCE '0 MUtS>. 
MUt CAPACITANCE - X pF. 
W.T PROTECTION -HOOVoaA* 
DC AMMETER 
RANGE ACCURAC iBO Oar» 20 10 30'Ci 

:0'iOA 
iLKM 

TEMPERATURE COEFFICIENT :|0Q9S at MMa] - Jftg^iX 
iMPEOANCE '-1 5or*neonBam 
CURRENT PROTECTED I 5» tuM 
AC AHUETE" 

RANGE' ACCURACY 9C Daya 20 V »C * ia»Ong ■ nc 3 ojnal 

45 Hi m 2 «Mi 2 10 S »H* 



0"A 

'Rangaa uhBi 



t|5S*. 



TEMPERATURE COEFFICIENT r(D QV« 01 Wfl - 0 5 AQiti'C 
'MPEOANCE 1—15 out consivH 
CURRENT PROTECTED | 5A lut* 
OHMMETER 



RANGE 


ACCyRACY ,W oay. MWWO 


• lajj 

MM 


slOS^flfNMOMe * 1 W 


no mi 

1100 «l 


1(0.3* t* - -.vi -. - > >, 


• 1.000 .H 


r(05". W'«**»ng - l OffH 



TEMPERATURE COEFFICIENT • roattng - 0 2 9911 C 

OPEN CIRCUIT VOLTAGE -4V 

INPUT VOLTAGE PROTECT ON - 30 V»m» «<y*n-out tut* o-wacleo *om 
30V 10 25CV'm» 

General 

RANOMG: Automatic Ranga H»d 
OVERLOAD INDICATION: Hcvuamai oara 
COMMON TO □ P. CHI NO « 50C V loaUii 
SAMPLE RATE ItacWKl 

OPERATING ENVIRONMENTAL CONDITIONS: 0 10 AffO 96% R>- 

POWER JA'SA and 31TBB At «na - fl VA 

STANDARD '04-127V 54-66 

OPTION 001 M-ioeV 54-BfiHj 

OPTCN002 96 '06V 4B-6* Hi 

OPTION 003 ItoMOV <9-Whi 

OP'ONOO" 20B-250V 4A-54MI 

347BB HATTERlES * rac"acg»»cra new cMr"iy<" MD-C am Typeil to"> 
linuOua Opaialing lima u*ng iU»« (ticgW DaWM 0 nova ai 23 7 C 
*(P«i awr» CTaigiffl urna U x»r% m 23C •"l* naVoraii* lumatt olt 
TurMa ctiaiga iraa-jmanl on 



SPECIFICATIONS 

WEIGHT >-6A 0"^fl • e •' at art( -a Is: ^ 

■ 'M — aHM - Z* — Wac 23 335CS SfTW* • I 



» U*A W-*6A BK 1*16 CS 



HP Mootl 343 5 A Digital MurtlmW 
DC VoltflMMar 



Maitm-m 3>a»la> 

jJV =IM*V 
:aTJV :<t»V> 
:2W* -<Bf» 

MMSmvtTT. mHU 0" aOttoV raaga 
MUMUM tWHjT '700V >« . p*a» »E) 
RANGING *-=r-aic a -avx^ 
POLARITY *_>:-=.-- = ■. «■«-.- •-- v.:..>: 
ACCURACY t 1 nt fSKSONCMOS* Rhi 

Ranga SMORcabona 

roorav :(0 tf -tws - 1 »»i»i 

2V B mow ;(0 '■• - ' W 

TEMPERATURE COEFFICIENT iU to >5'C ano 30 W Mtl 

- { O'l^. iBaOng - 0 ' Ogrf|~C 
WPUT REMTANCE; '0 Uit - is 

INPUT TYPE FituOno »0V -*ur^m owrw 10 pft»i*v] 
NORMAL MODE REJECTION *03B « SI 60 «i - Its 

EFFECTIVE COMMON MODE REJECTION I 'Ml W«W*"C«I -'30 38 at 
SOWHj :01S 

RESPONSE TIME D f Mrand* v> 1 MHitfM -aiua W ■A-oa AM 

* >accnc *9 an£>* fMtflfl BlVROJI 



DC Current 



Manmutn 0.»p.a, 

- IMStiA 
; i.SMmA 

-if9»mA 
-'ftfiflriA 

- 200»A ranpa 

r 2A |Liaa prcucadt •onaqa JWi 



--iroo-A 

=2mA 

-20r%A 

:200mA 

:20O>~» 
SENSITIVrrV: lOOnA o 
MAXIMUM INPUT' Cum 
RANGING Manual onv 
POLARITY.' Ajlo^alC«il| ww3 ana 9»af«0 
ACCURACY H raar IS Is 30*C «i RM| 

Ranga Spadltcatiana 
209uA ■) 20 mA . .>■ r^- ^ - . ; . 

2900mA 1 10 0% o> -- - 2 j : 

TEMPERATURE COEFFICIENT .0 to <5C am 30 lo 55 Ci -.1 02BN o» raaOra 

- 0 • d9UKC 
VOLTAGE BURDEN 



Ranga 

JWLA to 70mA 
MOmA 
2000mA 
RESPONSE TIME: 0 7 * 



0 at Full Sca^a 



• «0Omv 



I ago o- M -aoa 



AC Voltmeter 

AC CONVERTER *.a.*o. 'aawrorg rr, aK»»M 

"■■ ,ii Maiimum Dtaolay 

200wV IMO^V 

2V tOWV 

MV HB9V 

200V tt»9v 

IJO0V -I9»V 
SENSmviTY: tOO^V on 200mV anpa 
MAIIMUM INPUT. IfTJOViOt - m> »t. 10' ,OI Mi mai 
RANGWGj Auioma&c o- mantel 

ACCURACY Oatia. o> -20 Oo4i < *••>- ^ JO C a> W. »H, 



Rang. 

30 Hi — 50 Hi 
50 Hi— W «Hi 
20 tut— 'OOaHl 



TEMPERATURE COEFFICIENT iii 10 19'C and 30 b 5rC> 

;<0 0*S V iMOng - 03 Opn~C 
INPUT IMPEDANCE ■ 5 Mil M o* 



SpMihcatlona 

-il SS ol iHdng • 3 ogitt 
-l0 3*.otfo*<j!S - Jagm: 
:(1S-kotio«»ng - in»s>lii 



a f^'ra am 



atFVT TYPE ***** S-C. - 



*i« J.a 



JQr-J iJa*-* 

iiOrJ >HM 

2DCC-- <H»-A 
MAXIMUM INPUT i^-a— . 2 A lUaywrw; JSC* 
*AMIM:iMs«a«) 
5£N*TTVTTY >exkA ar XKbA -arqai 

ACCURACY Saoav - »35 son lag .5 * )C-C a> <es NH 1 



("I f -«M»r« - af 09a 

:(3f\ -A* ;-l y> 



JOHj 66 hj I0w 

r^q«aM» o» mpui S^nai 



TEMPERATURE COEFFICIENT iQ lO 1SX A 
• OLTAGE BURDEN 

Ranga 

200-A 'c »m* 
200mA iar<ga 
JOOOmA >*no* 
RESPONSE TIME 

INPUT TYPE "attng SOOV 



Mailmwm ai *W> laril 

230m Vrma 
2A0mV -ma 
AOOntVmn 
3 aanir 3 ogn 91 NW 



Rangaa 

« 
200(1 
2 AU 

20 mi 

2O0 all 

2MU 

2GMO 

SENSITIVITY- '0 mukithm Of 
INPUT PROTECTION 2*0. 
RANGING *.i"iii>: 'i' -»■ 
ACCURACY 1 1 |ta 



Maximum Diaplav 

'9 Mil 
i99«l 
1.999 .11 



iSMUl 
'969UI 
I 999MU 

T9HMI1 

Jon rMa 



30-C : »V- RHi 



Ranga SpacificaiiDna 

sou t(05n 01 ••aam - 

200(1— SMI I ;|0f« rtraadino - 2 0911. 

20MM :iDIS«liaao>ro - 2O0W 

TEMPERATURE COEFFICIENT 0 10 1S*C VO 30 D SS"C| 



2Q1I-2MO 
20M(| 

CONFlGUHATtON 2 «(* 
OPEN CIRCUIT VOLTAGE 94 
CURRENT THROUGH UNKNOWN 
Rang* 20W 2000 2 all 

Cunorn 9mA 5mA S0G>A 



Soacirvcationa 

-i004*4 DtoAano • 02»o.i»:. c 

-i la*, ol nMOmg - 02 agRtVC 



ZOOau 

5a-A 



RESPON5E TIME. 0 fl *ato"M'& *(IKfi 1 <jgll AOflOS 



SMII 20 MU 
SOOnA SOnA 

lot aatl> langa 



General 

CALIBRATION Oala *"a-t »pacmcaiicni exiara-iaad to- 1 
READING RATI: 2 A— 4 r>aac dananOng on trawl » 
OPERATINO TEMPERATURE J 10 Bt 
HUMIDfTY: VS-. RH •1S«-A0'C 
POWER AC t«a «8440Hr SO-2S0V 
BATTER* •atnaigaaM taao-aoo 10 '«!X^» "*o.mum cciIh>jOji ■iit'V".- 
•aPi lua n»g» Racruvga lima <fl ssun walifq U 'out* "onop***»ng 
TOTAL INSTRUMENT POWER BiSSiPATEO *e omv 3 -am MM CWO* 
6 warta 

DIMENSIONS* 23B ' mm -oa . 86 4 mm l-gn-JTSJ irm gaap |0 3B- 

31 - 101 "ti es Op) 002. 310 'IS r • 20 T mm |BW* .». ■ "i' , in) 

wfifiiM . ' ■ . ■ ■ opi 001 i«>)iin iui 

PRICES IN USA.: 34 34A »*00 -rmo-i Oanaoaa iOw 0Ol.iaaiSS5 Rac. ano- 
alao cm Opi OOJ iac lit poaai onvi. *»a S35 3*1 '7 A low- Haw "-oca 



Joe E. Marriott 

A 1 969 graduate of the University 
of Utah (BSEE), Joe Marriott 
joined HP that same year, going 
to work on the Model 3403A True- 
5 rms Voltmeter Returning to HP 
" following a tour of duty with The 
National Guard, Joe contributed 
to the 970A and 3465A Voltmeters. 
While working on the 3476A/B 
Joe became project manager. 
I Along the way, he earned an 
MSEE degree at Colorado State 
University in the HP Honors Co-op 
program. Married, and with a 
2 -year-old daughter, Joe cross- 
country skis, hikes, plays volleyball, and occasionally does 
some photography 




if 1 1 



H. Mac Juneau 

Mac Juneau joined HP in 1967. 
going to work on the Model 3480A 
Digital Voltmeter and then on 
high-speed A-to-D converters as 
project manager For three years. 
Mac was product assurance 
manager with time out as proiect 
manager for the Model 3476A 
Multimeter. He is now manager of 
the HP Loveland facilities IC lab. 
He has a BSEE degree from 
Swarthmore College (Philadelphia) 
and MSEE and PhD degrees from 
the University of Minnesota With 
children 8 and 5, Mac contributed 
to a school playground design He also does some woodwork- 
ing and creates welded sculplures 
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SPECIFICATIONS 



HP Model 3465AB Digital Multimeter 



DC Voltmeter 



Range* 

:20mV 

r20OnV 

:2V 

:30V 

r?D0V 

-IC0OV 



Mailmum D>a(»ay 



10000 



SENSITIVITY: 1 m.aovs.1 art Kxratl rflic* 
MAXIMUM IMPUT: 1000V mu«iV poo> H 
POIARITY -I 1 -.-. ■ - : and diaplayea 
ACCURACY <i |«ar 23-C : ■: ai 95% RHl 

Rang* 

20mV 
SOOmV mu 300V 
•000V 

TEMPERATURE COEFFICIENT iffC Id 5ffC). 

t 0 OCCPi o> •eMlna'C. 
INPUT RESISTANCE: 



HO'. i 1 



'000V 



Speeihcaiiona 

tO 03S 0> reading - 2 rSgrti 
3 0 02S 0< i elding : I j g 



5 pa- ltl< ' - 

■'ICll 
iQMlt t »S 



INPUT TYPE: floaung wov m»imum corr*no" lo rjtitunl 
NORMAL MODE REJECTION •» OB •! 50:60 Hi ; -. 
EFFECTIVE COMMON MODE REJECTION [1 "D jnba!*"y 

50(60 Mi : 1-» 
RESPONSE TIME' | f4U>nd to Mlhn I <»pll 



RlnOM 


Maum 


zohi 


199 99 


2Hfl 




Mill 


:S 


200 Ul 




2000 kit 


1999 5 


20 Uu 


t9999 



SENSITIVITY 10 miWonm on lowm rate* 

INPUT PROTECTION: 3S0V 10c - ptit 8C,3MV rm* 

ACCURACY |1 r .ar. rye t 5*C @ 9SS RMI 



Range 

100X1 
2kntnfu7Mli 
2QMn 

TEMPERATURE COEFFICIENT itrC 10 KTCi 

Rang* 

200) i ovw 2 Mil 
JO Mil 

CONFIGURATION; 2 MM 
OPEN CIRCUIT VOLTAGE: '5V ma. 
CURRENT THROUGH UNKNOWN: 
Ranga Cur ram 



Specification! 

dUH of t«aoV*g - 2 

- j.' L'Tin-, ■ I opt 
:D |*Jt ol loading ■ « dofl 



Speoncauone 

•0 001*N a" i«Or^X 



20UI 
2 Ml 
hi 
200 III 
J000«D 
20 Mil 



1mA 
1mA 
10 «A 
ID^A 

01 - 



RESPONSE TIME: 2 laconOS 10 -Oitii 1 dgfl 



AC CONVERTER 1 



AC Voltmeter 

i 'B5oond>ng. "in caitxalac 



TEMPERATURE COEFFICIENT |0^C » WCi 

. ■>';■' ■ .-- r,.,..i 2dgrl 
INPUT IMPEDANCE 1 Mil - 100 pF 
INPUT TYPE: noeono. 500V manmum oommon lo gioi*0 
OVERLOAD PROTECTION- 600V nai ac. WOV "n§ 600V oaaa 
RESPONSE TIME: 5 MCordi Id «fflvn I Og» 



203mA mgg 
- .•."«-* 19999 

SENSITIVITY: lonA 0" Owe* 'ange 

MAXIMUM INPUT: ?» Irom 250V soxce tfau prcHrtlea) F uB icala b 10 NHi 
ttoeresurg m ■„: ■ . ... ,,- ^ . .... enlowail3rarigM 2>Him*iori 
200mA lar-j*. 1 kHx ma* on TOOOnA range 

ACCURACV ' rtBr . 23-C * S"C fj 951. RH) 



20 kHz 
1CUV 


:0«Niaaoing 
= iSd>tt 






2 "Hz 
laMl 


:0.25% reading; 
:S<»grt» 






1 0 (BSOng 


=O65%nM0Vig 
rSttgna 


•OHI 


-5O0M 


?0«S n>ao>ng 
-SffOilS 



Hangai 

-MQhA 

:2mA 

r20»iA 

^20OmA 

:2000mA 



19B99 
19 999 
19999 



SENSTTIVrrV: lOnA on Ont rang» 

MAXIMUM INPUT: 2A from « 250V aoufEe (fete p/txaOoo) 
POLARrrr: -■ ■.-...■:■. Mntea »*o anpeyM 
ACCURACY ' vbw. 23'C ETC al RHl 



Range 

2 DO* A. 2mA 
20mA 
200mA. 2000mA 

TEMPERATURE COEFFICIENT ICTC 10 SO"C> 

Ranga 

2mA. 20mA 
20OTA. 2000mA 

VOLTAQE BURDEN 

HIGHEST RANGE ■ 700mV FS 
ALL OTHER RANGES -iBSCnV FS 
RESPONSE TIME. | icoonil lo Mtnin 1 Ogl 



Spaclftcaiiona 

:OC7% ol 'eaaSng — ■ dgil 
:0 1 1% oJ isftdlng : ■ dlg>l 
r06*« o*iMdtng : 1 Aa>- 



So*ci1c«llona 

:0 006 S ol (MoWpTC 
rOOWS oI"bMH«o.-C 
rOOIN M ■aadtng.'C 



200V 
600V 

SENSITIVITY: <0,.VO" Uwtl 
MAXIMUM INPUT, F u . K aA> 
20 a>capt 100V -ange 
ACCURACY |1 ^w. 23-C : 



199 99 
500 0 

1 1 0 < Hr detreuirq unaariy to SOS o* lull tcaW (I 
-" . ■■ hai 2-kHk maximurr liaquaney 



lOvir 


-05%njaong 




3 






1IW 


■-i irv-;-.] 

;5 apu 


:03% '--in; 

:5 dgiu 


40 H> 







TEMPERATURE COEFFICIENT <(JC ID SCC). : 0 O'S al ■aMinQ'C 
VOLTAGE BURDEN. 

1 A RANGE: •700mVti 

ALL OTHER RANGES' • 2S0mV It 
RESPONSE TIME: b laicnd) to wthln 1 otgj| 



General 

REAOINO RATE: 2' I itMngt pe< ivcond 
OVERLOAD INDICATION: Oltp^t Maf+S 
HUMIDITY RANGE' al 40'C 

OPERATING TEMPERATURE: 0*C lo -5rC (r»IO^tCa0mli;m sa9«fm 

0*C lo -^ffC) 
WEIGHT 2 04 M) f* tn. ■ ox.). 

DIMENSIONS: iOiEmmnigh • 2127 mm inda - J79*mm OWI' - 6-3B 

POWER: ac lie. Bfrl^'V ' JMV 48-(«0Hl 
BATTERIES i ecrarpaatla ■ cadmium uanda>a 
Cennruoul optxang ama rrom hd D*arga u noun • • • •• .- ima - 6 
row* »» inaitt/nanl ofl Tns«-j charge Aim FnaOvmart on 
OPTION 002'typg D awana dry caHftfU-2 C»ll m Europe). 03 houraccnliraiOul 
-■ m SXC Inside* ' -■-->'- i- lo use Model 02002A oano-y iimni'j 
(320G2A na 'ncludaai 
PPJCE IN USj*.: 

3AB6A. |530: Obi 001 ac trie only -S20. Opt 002. -S105 
J*e5B. ibOO 341 12 Touen-Holr) Prooe. SAO 
MANUFACTURING DIVISION; lOVELANO INSTRUMENT DIVISION 
B15 Fcunaonm Streal S.W. 
LovaWd. Caaaea B0537 U 5 A 
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